Flapping foils are being considered for lift generation and/or propulsion in design of Micro-Air Vehicles (MAVs). In this paper, a computational analysis of the aerodynamic performance of a 2D rigid flapping wing is conducted for examining the effect of basic morphological and kinematics parameters on unsteady flow field properties, wing loading, and lift efficiency. It focuses primarily on steady hovering flight with different kinds of wing trajectories. Key aerodynamic performance parameters are selected and evaluated to reflect three potential design modes of MAV flight, performance (or highlift) mode, cruise (or high-efficiency) mode, and a "quiet" mode which reflects the overall steadiness of a particular set of wing kinematics. A fractional factorial design method is used to conduct the sensitivity study of performance parameters. Results aim to provide insight into the selection of wing planform and flapping kinematics for MAV designs.
INTRODUCTION
In an ongoing effort to develop bio-inspired flight for micro-air vehicles (MAVs) that will match the flight performance of winged insects, research efforts are examining the fundamental flow physics (Ellington 1999 , Shyy et al. 1999 , 2005 , Wootton 2000 ) and exploring the design space of finite-span flapping wings for MAVs. These small, semi-autonomous aircraft (with wingspans <0.15m, flight speeds <10 m/s, and Reynolds numbers <10 5 ) are being developed for the purpose of surveillance, a avg = − π β α targeting, search-and-rescue, and environmental/bio-chemical monitoring within confined and/or hazardous spaces. As detailed by Shyy et al (1999) , three important differences between the flight characteristics of conventional aircraft and MAVs are (1) a low-Reynolds-number flight regime that reduces the aerodynamic performance, (2) favorable scaling characteristics that create improved overall structural strength, reduced stall speed, and impact tolerance, and (3) order-of-one environmental effects (due to gusting and maneuvering) that create fundamentally unsteady flight characteristics and make the aircraft extremely difficult to control. Therefore, conventional aerodynamics approaches are insufficient to design a MAV that will fly a straight path in calm, open air, let alone one that is capable of executing high-performance maneuvers around obstacles within a tight, windy enclosure. Flying insects overcome these issues on a routine basis, with their ability to hover, maneuver, and control flight via actuation entirely at the wing root. As such, they have become fully functional (though not always accessible) test subjects in the study of micro-scale flight. As one of the important findings in literature, the wing tip trajectories of flying insects are remarkably diverse (Lehmann and Pick 2007) . A reasonable hypothesis is that these wings are moved in a manner which has the minimum energyconsumption during the hovering flight (Berman and Wang 2007) . Using quasi-steady blade element theory, Berman and Wang (2007) have examined hovering flight through modeling the fluid forces on an insect wing and finding the optimal kinematics of motion for three insects: fruitfly (Drosophila Melanogaster), bumblebee (Bombus Terrestris), and hawkmoth (Manduca Sexta). Lehmann and Pick (2007) experimentally studied the effect of 17 tested bio-inspired kinematic patterns includes the contralateral wing-wing interaction ('clap-and-fling'). Most research in MAV design so far has focused on both quasi-steady (Berman and Wang 2007) and unsteady (Zbikowski 2002 , Ansari et al 2006 aerodynamic modeling methods for flapping-wing flight. This makes sense because, from the perspective of MAV design, they represent a method which is able to capture the salient flow features of flapping-wing flight at a fraction of the cost of more complex (i.e., Navier-Stokes equations) simulation techniques. However, the applicability of aerodynamic modeling is still limited. For instance, the results of Ansari et al (2006) accounted well for the unsteadiness of 3D experimental data (Re = 156, based on fruit flies), but their model is still unable to resolve several significant flow features. These are (1) the need to relax or modify the Kutta condition at the leading and trailing edges near stroke reversal, (2) downwash created in the wake by wingtip vortices, and (3) spanwise LEV flows that are more prevalent in higher-Reynolds-number flows typical of MAVs (Sane and Dickinson 2001) . For the typical MAV designs to be pursued in the current effort, rough estimates indicate a wing chord based Reynolds numbers ranging from 1200 (at low speed) to 12000 (at high speed), a Stokes number of about 150 and wing amplitude based Strouhal numbers ranging from 0.5 (at high speed) to 5.0 (at low speed) (Ellington 1984) . Given these conditions the flow is expected to be mainly transitional in nature and dominated by the unsteady dynamics of a few large vortices. This vortex dynamics and associated unsteady mechanisms (Dickinson et al 1999 , Fry et al 2003 , Birch et al 2004 (such as clap and fling, wake capture and rotational lift etc.) have to be well understood in order to minimize dependence on a trial-and-error approach to aerodynamic design of wing and control surfaces. Ultimately, a complete hierarchy of tools (including lower-fidelity methods with aerodynamic modeling) is desired to rapidly assess vehicle performance under a variety of design conditions, with higher-fidelity methods being used sparingly for various design and off-design considerations. Nevertheless, it is expected that judicious use of high-fidelity modeling (i.e., computational fluid dynamics (CFD)), at the outset of the design process, will provide greater insight into the flow physics such as vortex formation and vortex shedding, thereby assisting in the development of more comprehensive-and accurate-aerodynamic modeling techniques.
To this end, we describe a sequence of direct numerical simulations by solving unsteady incompressible Navier-Stokes equations that explore aerodynamic performance of 2D flapping foils undergoing different types of hovering motions. Sensitivity studies based on a fractional factorial design on the performance parameters for controlling the foil kinematics are conducted. A comparison of the aerodynamic performance will provide insight into the selection of wing planform and flapping kinematics for MAV applications.
METHODOLOGY 2.1. Motion Parameters and Case Design
In this study, a two-dimensional modeling approach was used in conjunction with a fractional factorial design to estimate the sensitivity of several key performance parameters to a series of potential control parameters. For simplicity, an ellipse shape is used for the parametric study. The effect of airfoil shape is not considered in current study.
The Here, ten factors are account for the performance of flapping motions. Obviously, a full factorial design, which involves 2 10 treatment combinations, is unaffordable. Thus, a 2 III 9-5 fractional factorial design (Douglas 2005) with four main effects, which are t/c, U -/U max , A/c and α 0 , is used for the sensitivity study. The other factors are equated to the interaction of main effects 1 through 4 by using aliases (Table 1) . Here, the eighth effect contains two factors: x c,rot for Group I and β θ for Group II. Alias 123 means the interaction between the first three effects. According to this design, sixteen cases were selected to run for the first group: eight with normal hovering (θ/φ 0 = 0.0) and eight with θ/φ 0 = 0.5. Since stroke deviation has been commonly observed in insect flight (Berman and Wang 2007, Lehmann and Pick 2007), we use a new stroke plane deviations level (θ/φ 0 = 0.25) replacing the normal hovering (θ/φ 0 = 0.0) and the axes of rotation fixed at 0.2c for another group to understand the response of changing of stroke deviation. Thus, a total of 24 experiments of parametric studies are finally selected to be discussed in this paper and these cases fall into two groups (Group I: runs 1-16; Group II: runs 2, 3, 6, 7, 9, 12, 13, [16] [17] [18] [19] [20] [21] [22] [23] [24] . Details of the motion control parameters for all 24 cases of sensitivity studies and corresponding aerodynamic performance can also be found in Table 2 , which will be discussed in section 3.
Numerical Method
The equations solved are the incompressible Navier-Stokes equations, written in indicial form as (1) where the indices, i = 1,2, represent the x, and y directions, respectively; while the velocity components are denoted by u (u 1 ), and v (u 2 ), respectively. The equations are nondimensionalized with the appropriate length and velocity scales where Re represents the Reynolds number.
The Its key feature is that simulations with complex boundaries can be carried out on stationary non-body conformal Cartesian grids, eliminating the need for complicated re-meshing algorithms that are usually employed with conventional Lagrangian body-conformal methods. The Eulerian form of the incompressible Navier-Stokes equations is discretized on a Cartesian mesh and boundary conditions on the immersed boundary are imposed through a "ghost-cell" procedure (Mittal et al 2008) . The method employs a second-order central difference scheme in space and a second-order accurate fractional-step method for time advancement. The pressure Poisson equation is solved using the geometric multi-grid method integrating with immersed-boundary methodology.
Detailed validations of the code can be found in Mittal et al (2008) . Based on comprehensive grid and domain size independence studies conducted for the motions studied in the present work, a domain size of 30 × 30 and a 553 × 321 grid has been chosen for all simulations. Figure 2 shows an example of the computational grids for current simulations.
Design Modes and Aerodynamic Performance Parameters
In this paper, three potential design modes of MAV flight are considered: (1) a performance (high-lift) mode that defines the core of the MAV mission; (2) a cruise (high-efficiency) mode, which would extend the range of the MAV, loosening some of the proximity constraints and reducing the overall personal risk associated with deploying MAVs in the field, whether near a hazardous site, hostile territory, etc; (3) a "quiet" mode characterized by the ratio of effective (root mean square) aerodynamic force to the maximum aerodynamic force seen by the flapping wings (X Fr = F r,rms /F r,max ). This factor, which reflects the overall steadiness of a particular set of wing kinematics, has implications for MAV structural integrity, platform smoothness (for optical surveillance), and noise generation. Future MAV designs will need to minimize the impact of the inherent unsteadiness of flapping wings on the rest of the system. Three corresponding aerodynamic performance parameters were evaluated to reflect above design modes.
For the performance mode, mean lift coefficient is used to determine the highest lift production and calculated as following: (2) where and
The ratio of mean lift power to mean profile power, L -′U tip max /P pro , has been used to evaluate the efficiency of the flapping wings in the cruise mode. The mean profile power is calculated as (3) where
. In this paper,
Reynolds number is chosen to be 256 (Poelma et al 2006) for all cases. This results in a constant U tip max for all cases. For simplicity, the ratio of mean lift to mean profile power L p = L -′/P pro is actually used in the following discussions.
The factor, X Fr , which is ratio of rms to max aerodynamic force discussed above for the "quiet" mode, is defined as:
RESULTS
Settings and results of sensitivity studies for Group I and Group II discussed in section 2.1 are tabulated in Table 2 . Here, all three aerodynamic performance parameters are from the outputs when each caserun reaches to periodic state. To account for flow asymmetry introduced via pitch biasing and (in some cases) incomplete convergence to periodicity, the instantaneous aerodynamic forces were projected onto the mean lift and drag components before calculating the mean lift responses (C -L and L p ). The main effects [B] were calculated as B = (X T X) -1 (X T Y), with X the design matrix and Y the response variables.
For the performance mode, C -L is compared for all 24 cases as shown in Figure 3(a) . Among all the cases in both Group 1 and Group 2, Case 13 has the largest mean lift production. Comparing case 13 (Figure 3(c) ) with case 4 shown in Figure 3 In the comparison of the cruise mode, L p = L -′/P pro is the key response parameter for the evaluation. Figure 4 (a) compared L p for all 24 cases. Case 16 has the best efficiency among all case in the Group I and case 18 has the best efficiency in Group II. Both cases are using figure-8 motion, with flipping at the end of each stroke. On the contrary, case 7 has the least efficiency in both groups. Comparing to case 16, case 7 has thinner thickness, advance rotation, and larger stroke deviation. Case 18 has better efficiency than case 16 by reducing the deviation level while reducing the stroke amplitude, angle of attack, and rotation duration. This study indicates the important role played by the stroke deviation at this performance mode. Future work will consider this effect as one of the main effects, too.
In the "quiet" mode study, ratio is calculated and compared in Figure 5(a) . Among all the cases, case 10 has the maximum value and case 9 has the minimum value, which means case 9 can do quieter flight. Comparing to case 10 using normal hovering motion, case 9 uses thinner airfoil and tip trajectory moves in U shape. Table 3 summarizes the main effects of wing kinematics/configuration design parameters in Group I and Group II respectively. The sums listed down the right side give the net improvements that would be expected for each response, assuming optimum settings and no interaction between parameters. Negative value indicates decreasing of corresponding effect in column is favorable to reach the optimal performance parameters.
For the mean lift coefficient of above cases, the optimum settings at the -1 factorial level were (in order of decreasing significance) advanced rotational timing (consistent with the literature Dickinson 2001, Berman and Wang 2007) ), thin airfoil, and U-shaped tip trajectory (when θ φ > 0). The optimum settings at the +1 factorial level were (in order of decreasing significance) high angle of attack, non-zero deviation angle, axis of rotation located at 0.5c, and 0˚ pitch biasing. The remaining effects were not necessarily insignificant in themselves; they were, however, sufficiently smaller than the other effects in the case of uniform sensitivity to all factors. It is worthwhile to note that, although Table 3 shows many effects to have below-average significance, only a few had a truly negligible impact. The value of U -/U t,max had the least impact on mean lift coefficient.
For efficiency (the ratio of mean lift to profile power) of above cases, the only significant factor at the -1 level was setting x c,rot /c = 0.2. Significant factors at the +1 level were 0˚ pitch biasing, high angle of attack, and rotational timing that was symmetric with respect to stroke reversals. The most negligible factor for efficiency was the rotational duration. Note also that Table 3 indicates improved efficiency at lower flapping amplitude (A/c). Though not the most significant effect, this is consistent with findings in the literature. For steadiness of aerodynamic forces (the ratio of effective to maximum aerodynamic force), the preferred settings were U-shaped trajectory, longer rotational duration, high angle of attack, and high flapping amplitude as shown in Table 3 . The most negligible factor was rotational timing.
From the results of above studies, we propose a set of baseline optimal settings tabulated in Table 4 that apply to three flight modes. When particular flight characteristics (modes) are required, the configuration may be changed accordingly. Here, a (+/-) indicates a positive/negative setting, (o) indicates a setting with negligible impact, and a shaded (+/-) indicates where a deviation from the baseline may improve that particular flight response. 
CONCLUSIONS
In this work, a finite-difference based DNS solver for simulating incompressible flows with moving immersed boundaries on fixed Cartesian grids has been used to explore the aerodynamic performance of hovering flapping foils at three different design modes. Total ten motion control parameters are studied here. A fractional factorial design method has been used to reduce massive case-runs for sensitivity studies of performance parameters. It indicates that for the high performance mode, high angle of attack, non-zero deviation angle, axis of rotation located at mid-chord, and 0 o pitch biasing are of more importance than other parameters. For efficiency mode, 0 o pitch biasing, high angle of attack, and rotational timing that was symmetric with respect to stroke reversals have more favorable effect. Moreover, U-shaped trajectory, longer rotational duration, high angle of attack, and high flapping amplitude are playing more important roles for the steadiness of the aerodynamic response of the hovering flapping wings. Future studies will focus on the interaction between two or more effects.
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